Abstract: Primarily using cropped systems, previous studies have reported a positive linear relationship between microbial biomass carbon (MBC) and soil organic carbon (SOC). We conducted a meta-analysis to explore this relationship separately for grasslands and croplands using available literature. Studies were limited to those using fumigation-extraction for MBC for field samples. Trials were noted separately where records were distinct in space or time. Grasslands were naturally occurring, restored, or seeded. Cropping systems were typical of the temperate zone. MBC had a positive linear response to increasing SOC that was significant in both grasslands (p < 0.001; r 2 = 0.76) and croplands (p < 0.001; r 2 = 0.48). However, MBC increased 2.5-fold more steeply per unit of increasing SOC for grassland soils, as compared to the corresponding response in cropland soils. Expressing MBC as a proportion of SOC across the regression overall, slopes corresponded to 2.7% for grasslands and 1.1% for croplands. The slope of the linear relationship for grasslands was significantly (p = 0.0013) steeper than for croplands. The difference between the two systems is possibly caused by a greater proportion of SOC in grasslands being active rather than passive, relative to that in croplands, with that active fraction promoting the formation of MBC.
Introduction
Microbial biomass carbon (MBC) comprises all microorganisms in soil and is typically measured as the carbon released in response to microbe death following chloroform fumigation [1] . MBC changes with greater agility than soil organic carbon (SOC) in response to residue management [2] . SOC includes both a passive fraction that is chemically or physically protected from breakdown over several decades or centuries, as well as an active fraction that is mineralized seasonally or within a few years [3] . MBC was correlated closely with the active fraction, which was determined as up to 5% of SOC recovered as CO 2 over 45 days of incubation under laboratory conditions [4] . MBC acts as a pool of organic carbon that contributes cyclically to immobilization and release of minerals during formation and breakdown [5] .
Soil health and soil quality are often considered as synonyms [6] . However, soil health places more emphasis on biological activity in soil, such as the contribution of soil organisms to nutrient cycling [7] . Either term is typically defined in terms of vegetation productivity, possibly along with productivity of grazers, the capacity of soil to decompose residues, or the provision by soil of other ecological services [8] . A soil property employed effectively as an indicator of soil health should allow for prediction in advance of that production or service. SOC is considered a valuable indicator of soil health in agricultural soils [9] . MBC has been suggested as another possible indicator [10] . SOC and MBC have sometimes been combined with other measurements to form an index of soil quality [11] [12] [13] . If MBC is to be used to evaluate soil health or soil quality, then the relationship between MBC and SOC needs to be understood clearly.
A positive linear relationship was reported for MBC plotted against SOC for a combination of mostly crop trials along with a small number of grassland trials [14] . A similar correlation was also found for each of two sets of exclusively crop trials [15] . MBC as a percentage of SOC calculated on a case-by-case basis for many studies was reported as lower for cropland at 1.6-1.7%, compared to 1.9-2.2% in the combined category of grassland and savanna [11] . However, pasture was lower still at 1.3-1.6% [16] . In contrast, MBC as a percentage of total soil C was relatively high and in the range 1.6-2.9% for poorly drained pasture in the south-west of the UK [17, 18] . MBC as a proportion of SOC also varies for agricultural systems. MBC was found to be 1.2% of SOC in paddy rice in China [19] . Crops under moldboard, disk, rotary, and chisel tillage regimens in Iran had 1.0-2.4% of SOC in MBC [20] , whereas the percentage of SOC in MBC was similar under barley after six years of either conventional-tillage and zero-till treatments in Alberta [21] . Greater MBC is expected in grasslands, because croplands are reported to have reduced soil quality and less microbial activity associated with soil disturbance and incomplete vegetation cover in time and space [22] . Thus, given the positive relationship between MBC and SOC from the literature, analysis of published studies was undertaken to test the hypothesis that grasslands have more MBC than croplands relative to the amount of SOC present.
Materials and Methods
A literature search was conducted in late 2016 via internet search engine and keywords for studies reporting both SOC and MBC for field-collected soils from grasslands, croplands, or both. Only studies using the fumigation extraction (FE) method [23] for MBC were included in the meta-analysis. Excluded methods to determine MBC were: the fumigation incubation (FI) method [24, 25] , the substrate-induced respiration (SIR) method [26] , microwave extraction [27] , ultraviolet absorption [28] , and direct chloroform extraction [29] . FI was omitted, because the carbon flush released by FE was only 73% of that released by FI [23] . SIR gives different MBC values compared to FE, although correlation is claimed for MBC values from these two methods [30] . A period of incubation is needed to undertake SIR and FI, and so the most commonly used method to determine MBC has been FE [31] . Even though promise was offered by the microwave method and the direct extraction method for MBC, few studies have taken these approaches [32, 33] . Data for organic matter were converted to SOC using the following relationship: organic matter = 1.724*SOC [34] . Many papers with data for MBC were necessarily omitted, because neither SOC nor organic matter was reported. MBC decreases with soil depth [35] . Thus, where studies used multiple depths, only the surface layer was included. Sample depths among studies were 0-5 cm, 0-10 cm, or 0-15 cm.
Designations used by authors in the source papers to distinguish trials were as follows: time since grassland restoration, grazing system, stocking density, slope position, forage species sown, and sample date. For cropland locations, corresponding categories were current crop, tillage regimen, crop rotation, and farm. Within North America, locations were dispersed across the regions of the Great Lakes, the Mid-West, and the Great Plains. Worldwide, additional locations were dispersed across southern Brazil, Germany, the Netherlands, and the south-western part of the UK.
Grassland and cropland systems were investigated separately using linear regression of MBC as the dependent variable and SOC as the independent variable. The significance of regression lines was evaluated using analysis of variance [36] . Slopes were calculated initially as µg g −1 /g kg −1 , in order to retain the units most frequently used historically for MBC and SOC. However, slopes of SOC versus MBC were also expressed with MBC as a proportion of SOC in percentage form, because of the frequent use in the literature of this proportion. Slopes for grassland and cropland were compared by t-test [36] .
Results
The relationship between MBC and SOC was sufficiently robust to give linear regressions for both grassland and cropland ( Figure 1 ). Linear regressions were found even though source trials were drawn from a wide-ranging variety of field situations and from across a considerable range of the temperate world (Table 1) . Grasslands varied considerably in character, including both virgin and restored prairie, grazed pasture, and various other grass systems that were either native or sown (Table 1) . Cropping systems were also varied, including soybean, cereals, corn, and cotton (Table 1) . Many studies identified in our literature search were excluded from our meta-analysis, because they did not meet our criteria of using the FE method to determine MBC, or because they did not report SOC or organic matter. We retained our criteria rather than expanding our analysis to encompass other methods to determine MBC, because the choice of method modifies the value obtained for MBC and could be expected to obscure relationships to SOC. MBC increased significantly in response to increasing SOC in both grassland (Table 2 ) and cropland (Table 3) . MBC in cropland increased from 210 µg g −1 at 15 g kg −1 SOC to only 530 µg g −1 at 45 g kg −1 SOC (Figure 1 ). In contrast, MBC in grassland increased from 440 µg g −1 at 15 g kg −1 SOC to 1190 µg g −1 at 45 g kg −1 , thereafter increasing further to 1800 µg g −1 at 65 g kg −1 SOC (Figure 1 ). The slope of increase of MBC in response to increasing SOC was 2.5-fold higher in grassland at 27.2 (µg g −1 )/(g kg −1 ) compared to 10.7 (µg g −1 )/(g kg −1 ) for cropland ( Figure 1 ). The slope for grassland was significantly (t = 3.399; d f = 51; p = 0.0013) greater than for cropland. The slopes as presented for plots of SOC versus MBC correspond to MBC as a proportion of SOC as 2.7% for grassland and 1.1% for cropland. The relationship between MBC and SOC was sufficiently robust to give linear regressions for both grassland and cropland (Figure 1 ). Linear regressions were found even though source trials were drawn from a wide-ranging variety of field situations and from across a considerable range of the temperate world (Table 1) . Grasslands varied considerably in character, including both virgin and restored prairie, grazed pasture, and various other grass systems that were either native or sown (Table 1) . Cropping systems were also varied, including soybean, cereals, corn, and cotton (Table 1) . Many studies identified in our literature search were excluded from our meta-analysis, because they did not meet our criteria of using the FE method to determine MBC, or because they did not report SOC or organic matter. We retained our criteria rather than expanding our analysis to encompass other methods to determine MBC, because the choice of method modifies the value obtained for MBC and could be expected to obscure relationships to SOC. MBC increased significantly in response to increasing SOC in both grassland (Table 2 ) and cropland (Table 3) . MBC in cropland increased from 210 μg g −1 at 15 g kg −1 SOC to only 530 μg g −1 at 45 g kg −1 SOC (Figure 1 ). In contrast, MBC in grassland increased from 440 μg g −1 at 15 g kg −1 SOC to 1190 μg g −1 at 45 g kg −1 , thereafter increasing further to 1800 μg g −1 at 65 g kg −1 SOC (Figure 1 ). The slope of increase of MBC in response to increasing SOC was 2.5-fold higher in grassland at 27.2 (μg g −1 )/(g kg −1 ) compared to 10.7 (μg g −1 )/(g kg −1 ) for cropland ( Figure 1 ). The slope for grassland was significantly (t = 3.399; df = 51; p = 0.0013) greater than for cropland. The slopes as presented for plots of SOC versus MBC correspond to MBC as a proportion of SOC as 2.7% for grassland and 1.1% for cropland. 
Discussion
The slope of the relationship between MBC as a function of SOC found here as 10.7 (µg g −1 )/(g kg −1 ) for cropland compares well to corresponding values previously reported. Moore et al. [15] found slopes of 7.9 (µg g −1 )/(g kg −1 ) for 1996 data and 10.1 (µg g −1 )/(g kg −1 ) for 1997 data in cropland, whereas Carter [14] reported a slope of 13.6 (µg g −1 )/(g kg −1 ) for a graph of 35 crop trials combined with five grassland trials in the same graph. We are not aware of any previously published report of this linear relationship exclusively for grassland systems, shown here to have a slope of 27.2 (µg g −1 )/(g kg −1 ). Expression of these slopes with MBC as a proportion of SOC, found here to be 2.7% for grassland and 1.1% for cropland, are consistent with the report of a greater value of this proportion in grassland and savanna, relative to cropland, as calculated on a trial-by-trial basis [16] . However, the values for MBC as a proportion of SOC from our slopes were more widely separated between systems than in the case of Xu et al. [16] , who reported averages of 1.5% in pasture, 1.7% in cropland, and 2.1% in grassland and savanna. Selective use within our meta-analysis of a single method for MBC determination likely reduced variability and gave clearer separation between grassland and cropland systems.
The mechanism for a steeper increase in MBC per unit of SOC in grasslands as compared to croplands likely relates to a difference in the quality of the SOC between the two systems. Chemical estimation of the active fraction of SOC has used permanganate oxidation [45] , and this method has been applied to soil quality evaluation [46] . However, recent work illustrates that the fraction of SOC determined by permanganate appears to contribute primarily to SOC sequestration, whereas a closer correspondence to nutrient availability in the short term is shown by the SOC fraction disposed to mineralization during incubation studies [47] . Similarly, the fraction of SOC oxidized with dichromate was associated with larger aggregates of grassland and forest, rather than the small aggregates of croplands [48] . Use of density fractions and size fractions to characterize SOC from recent residue inputs shows that the nitrogen concentration and nitrogen availability of the SOC are affected by not only the fractionation method, but also by the quality and placement of the residue and by the environmental conditions that speed or slow the breakdown [49] . Compared to continuous grass cover with 64% of SOC in the active fraction, corresponding values ranged from 11-45% among various crops [50] . Only 3-8% of SOC was found in the active fraction of the soils of the corn belt of the USA, this fraction being derived from corn residues and having a residence time of 100 days [51] . Loss of SOC under cultivation is attributed to soil aeration, breakdown of larger aggregates, and reduced residue inputs [52] [53] [54] . Loss of MBC in cropland relates to reduced rhizodeposition, which is higher in grasslands due to greater root biomass [55] . The quality of the microbial community also changes in response to land use. Fungi increased relative to bacteria following prairie restoration, relative to a maize control [56] . Similarly, greater fungal representation was seen for microbes under reduced tillage [57] . Rotation provides aboveground diversity that stimulates microbial functional activity in soil [58] .
Based on the meta-analysis reported herein, reduced MBC in cropland can be seen to correspond not only to less SOC in croplands, but also to proportionately less MBC per unit of SOC in croplands. The difference in the quantity of MBC per unit SOC reported here when comparing croplands and grasslands stands in contrast to previous commentary, in which reduced MBC in croplands was attributed solely to reduced SOC [59] . Based on the present meta-analysis, we note that both the quantity and quality of the SOC in croplands appear to modify the MBC therein. The SOC that remains in long-cultivated cropland soil is predominantly passive, with turnover on a timescale of centuries to millennia [60] . The sensitivity of MBC to this loss of the active fraction of SOC demonstrates that MBC is a measure more closely aligned to soil health than is SOC alone.
Conclusions
Our meta-analysis of data from the literature shows a positive relationship between MBC and SOC. However, this relationship was different for contrasting ecosystem types: MBC increases 2.5-times faster per unit of SOC in grassland, as compared to cropland. This outcome shows that MBC offers promise as an indicator of soil health, because elevated MBC is associated with the features that accompany grassland versus cropland systems: more SOC, a greater proportion of SOC in the active fraction, and greater microbial activity to promote nutrient availability and vegetation productivity. This study supports our hypothesis that, relative to croplands, grasslands have more MBC per unit of SOC. These results encourage the use of MBC for assessment of soil health broadly across locations and land use systems.
